Borrelia species are unique in the bacterial world in possessing segmented genomes which sometimes contain over 20 genetic elements. Most elements are linear and contain covalently closed hairpin ends requiring a specialized process, telomere resolution, for their generation. Hairpin telomere resolution is mediated by the telomere resolvase, ResT. Although the process has been studied extensively in vitro, the essential nature of the resT gene has precluded biological studies to further probe the role of ResT. In this work, we have generated a B. burgdorferi strain that carries an isopropyl-␤-D-thiogalactopyranoside (IPTG)-inducible resT gene controlled by a tightly regulated promoter. ResT is expressed in this strain at ϳ14,000 monomers per cell, similar to the ϳ15,000 monomers observed for the parental strain. We demonstrate ResT depletion with a half-life of 16 h upon IPTG washout. ResT depletion resulted in arrested growth 48 h after washout. Interestingly, not all spirochetes died after ResT washout, and at least 15% remained quiescent and could be resuscitated even at 2 weeks postwashout. Significant levels of DNA synthesis were not observed upon growth arrest, suggesting that ResT might interact directly or indirectly with factors controlling the initiation or elongation of DNA synthesis. Analysis of the linear plasmids lp17 and lp28-2 showed that the linear forms of these plasmids began to disappear and be replaced by higher-molecular-weight forms by 24 h post-IPTG washout. Treatment of DNA from the ResT-depleted strain with ResT in vitro revealed the presence of replicated telomeres expected in replication intermediates. L yme disease, caused by the bacterium Borrelia burgdorferi and related species (1-4), is the most commonly reported vectorborne illness in North America and Europe (5), with a significant presence in other regions of the Northern Hemisphere (6, 7). A unique feature of B. burgdorferi is its segmented genome. The prototype B31 genome consists of a single linear chromosome of approximately 1 Mb, as well as a mixture of approximately 20 linear and circular plasmids (8, 9). To overcome the end replication problem, the ends of the linear replicons are terminated by covalently closed hairpin telomeres (10-12). Replication of the linear elements is believed to proceed bidirectionally (Fig. 1 ) from an internal origin of replication (13-15), resulting in a circular, head-to-head, tail-to-tail dimer intermediate. The dimer intermediate is processed by telomere resolution, a DNA breakage and reunion reaction that results in cleavage at the dimer junctions followed by ligation of complementary strands to generate the hairpin telomeres (16-19).
L
yme disease, caused by the bacterium Borrelia burgdorferi and related species (1) (2) (3) (4) , is the most commonly reported vectorborne illness in North America and Europe (5) , with a significant presence in other regions of the Northern Hemisphere (6, 7) . A unique feature of B. burgdorferi is its segmented genome. The prototype B31 genome consists of a single linear chromosome of approximately 1 Mb, as well as a mixture of approximately 20 linear and circular plasmids (8, 9) . To overcome the end replication problem, the ends of the linear replicons are terminated by covalently closed hairpin telomeres (10) (11) (12) . Replication of the linear elements is believed to proceed bidirectionally ( Fig. 1 ) from an internal origin of replication (13) (14) (15) , resulting in a circular, head-to-head, tail-to-tail dimer intermediate. The dimer intermediate is processed by telomere resolution, a DNA breakage and reunion reaction that results in cleavage at the dimer junctions followed by ligation of complementary strands to generate the hairpin telomeres (16) (17) (18) (19) .
Telomere resolution is carried out by the telomere resolvase, ResT, encoded by the circular plasmid cp26 (20) . ResT has been extensively characterized, and its mechanism is well defined (12, (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) . The enzyme is mechanistically similar to type IB topoisomerases and tyrosine recombinases. It promotes telomere resolution through a two-step transesterification involving covalent linkage of tyrosine 335 to the DNA substrate at the cleavage site followed by a nucleolytic attack on the phosphotyrosine linkage by the free 5= hydroxyl on the opposite DNA strand. Reversal of ResT activity has been proposed as the driving force for generating telomere exchanges between the linear Borrelia replicons and for mediating the continual rearrangements observed in the linear plasmids of this genus (18, 24, 33) .
Due to its important function in the DNA replication process, resT is an essential gene in B. burgdorferi. Previous attempts to knock out resT have been unsuccessful unless resT has been provided in trans (30, 34, 35) . Conditional disruption of essential genes has also not been possible in B. burgdorferi (36, 37) . However, the recent development of inducible expression systems in B. burgdorferi has provided a powerful new approach in the arsenal of genetic tools available (38) (39) (40) . In particular, the expression vector pJSB104 (39) , in which the expressed gene is regulated by a double lac operator and the lac repressor, has allowed for tight regulation and the generation of conditional mutants in two essential genes: the dedA orthologue bb0250 (41) and the gene for the response regulator protein, rrp2 (42) . Here we report the use of the pJBS104 expression system to generate a conditional mutation in the essential B. burgdorferi telomere resolvase resT. This has allowed us to study the effects of ResT depletion in vivo for the first time. Using this system, we have observed the effects of ResT depletion on the spirochetes, as well as the state of the linear DNA molecules.
MATERIALS AND METHODS
Plasmid construction. Primers and strains used in this work are listed in Table S1 and Table S2 in the supplemental material, respectively. To facilitate the cloning of resT, the pJSB104 expression vector (39) was first modified by the addition of the multiple-cloning site (MCS) from pJLB12g (43) . The MCS was amplified by PCR using primers B2155 and B2156 and inserted in the pJet 1.2 blunt cloning vector (Fermentas). The MCS was then recovered by digestion with HindIII and cloned into the HindIII site of pJSB104 to generate pJSB104MCS.
To construct the inducible resT plasmid, pNB12, the isopropyl-␤-Dthiogalactopyranoside (IPTG)-inducible promoter PpQE30 was linked to resT by overlap extension PCR. In the first PCR (PCR1), the PpQE30 promoter was amplified from pJSB104 using primers B2145 and B2149. In PCR2, the resT gene was amplified from B31-A (GCB908) genomic DNA using primers B2150 and B2169. In PCR3, the product from PCR1 was used as a primer along with B2169 to fuse the PpQE30 promoter to the resT gene amplified in PCR2. The resulting product was ligated into pJet 1.2 blunt. The insert was recovered by BamHI-XhoI digestion and cloned into BamHI-XhoI-digested pJSB104MCS to generate pNB12. The integrity of the final construct was verified by DNA sequencing.
The resT knockout plasmid, pNB13, was also built through overlap extension PCR. First, 500 bp flanking resT on either side in cp26 was amplified using primers B2209 and B2210 (3= flank) and B2213 and B2214 (5= flank). A kanamycin resistance cassette was then amplified using primers B2211 and B2212, and similar to the construction of pNB12, the kanamycin cassette was then joined to the 3= flanking region; subsequently, this fragment was fused to the 5= flanking region. The final PCR product was cloned in pJet 1.2 blunt.
Construction of a conditional resT knockouts in B. burgdorferi. B. burgdorferi was grown in BSK II medium (44) prepared in-house and supplemented with 5% rabbit serum (Cedar Lane). B. burgdorferi transformations were performed as described previously (45, 46) . PCR was performed on genomic DNA to screen for the presence of the insert. Construction of a conditional resT knockout (GCB2127) was done as shown in Fig. S2A in the supplemental material. The parent strain, B31-A (GCB908), was first transformed with the resT-inducible plasmid pNB12, followed by disruption of the endogenous resT gene by transformation with the knockout plasmid pNB13. For pNB12 transformants, primers B2180 and B2181 were used for screening. Potential resT knockout clones were further analyzed using primers B2251 and B2252, which anneal in the homologous recombination target; the native resT gene is larger than the kanamycin cassette, which is inserted into this site and gives a larger band than that observed in the case of the insertion. Recombinants were confirmed by DNA sequencing.
A second approach (see Fig. S2B in the supplemental material) to constructing a strain with conditional expression of resT (GCB2103) was to transform strain GCB51 (30) , which contains a disrupted resT gene and a complementing plasmid carrying the B. hermsii resT gene (pBSV2BhresT) with pNB12 (Sm r ). The plasmid with the B. hermsii resT gene was then displaced by growth in increasing concentrations of streptomycin as described in the supplemental material.
Growth of conditional resT knockouts. Conditional mutants were grown in BSK II medium supplemented with 1 mM IPTG and 100 g/ml of streptomycin at 35°C until reaching a density of approximately 1 ϫ 10 8 spirochetes per ml. The spirochetes were collected by centrifugation at 6,000 ϫ g at 4°C, resuspended in 5 ml of sterile phosphate-buffered saline (PBS), and then centrifuged again. The spirochetes were resuspended in sterile PBS and used to seed fresh cultures at 1 ϫ 10 6 spirochetes per ml with or without IPTG. Spirochetes were diluted 1:1 with fresh BSK II medium at 48 h to ensure that cells remained in log phase during the course of growth. For growth curves, spirochetes were enumerated at 24-h intervals by counting in a Petroff-Hausser counting chamber.
Western blotting. B. burgdorferi spirochetes were grown as described above for the conditional resT knockout. The spirochetes were washed and resuspended in BSK II medium once and this culture used to start each time point sample at 1 ϫ 10 6 spirochetes per ml without IPTG. At 8, 16, 24, 32, and 48 h, aliquots containing at least 6 ϫ 10 7 spirochetes were harvested by centrifugation at 6,000 ϫ g for 15 min at 4°C. To prepare whole-cell lysates, B. burgdorferi cells were lysed using SDS-PAGE loading buffer (125 mM Tris-HCl [pH 6.8], 4% SDS, 20% glycerol, 1.4 M 2-mercaptoethanol, and 0.2% bromophenol blue) at 95°C for 4 min. A volume of whole-cell lysate generated from 2.0 ϫ 10 7 spirochetes was loaded in each well of 7% SDS-PAGE gels for separation with a 5% stacking gel. Samples were blotted onto a nitrocellulose membrane (Amersham Hydrobond-ECL). The membrane was blocked in 5% nonfat dry milk in TBS-T (20 mM Tris-HCl, 154 mM NaCl, 0.1% Tween 20 [pH 7.4]). ResT bands were detected using ResT antiserum (SACRI Antibody Services, University of Calgary) at a dilution of 1/10,000 as a primary antibody and horseradish peroxidase-conjugated anti-rabbit antibody (Cedar Lane) at a dilution of 1/5,000 as the secondary antibody prepared in TBS-T containing 3% nonfat dry milk. 3,3=,5,5=-Tetramethylbenzidine (TMB) liquid substrate (Sigma; T0565) was used for colorimetric detection according to the manufacturer's instructions.
Spirochete length and DNA content measurements. The parent B. burgdorferi strain, B31-A (GCB908), and the conditionally expressing resT strain (GCB2127) were grown to late log phase, and IPTG washout was performed as described above. Cultures were sampled every 24 h, and each sample was stained with 4=,6-diamidino-2-phenylindole (DAPI) to a final concentration of 100 M for length measurements (Invitrogen) or with Hoechst 33258 (for DNA content measurements) in a total of 10 l. The stained spirochetes were finally mixed with 1 l of Fluoromount (Sigma-Aldrich) in preparation for microscopy. Slides were imaged on a Leica DMIRE2 fluorescence microscope with a Hamamatsu ORCA-ER camera. An exposure time of 500 ms was used for capture of all images. Fluorescence intensity was measured using ImageJ software (NIH). Individual spirochetes were selected, and the background was subtracted from the raw integrated fluorescence to give the corrected total fluorescence. Length was measured by tracing the length of the spirochete in ImageJ with comparison to a calibrated scale bar generated by the microscope.
Field inversion gels and Southern blotting. Total genomic B. burgdorferi was analyzed on field inversion gels and blotted as previously described (16) . Probes were generated to bp 12980 to 13727 in lp17 using primers B2275 and B2276 through PCR. Similarly, a probe was generated to bp 18725 to 19374 of lp28-2 through PCR. Following ResT treatment, additional probes were needed for the left end of lp17 and the right end of lp28-2. These were generated by PCR using primers B2317 and B2318 for (13), and complete replication results in the formation of a head-to-head (L=L)-tail-to-tail (R-R=) dimer. The lines bisecting the junctions denote axes of 180 o rotational symmetry. Where in the cell telomere resolution occurs is unknown, as is whether telomere resolution is concerted at both ends or whether it occurs independently at each end. This figure is adapted from reference 20 with permission. lp17 and B2331 and B2332 for lp28-2. Probes were purified using a QIAquick PCR purification kit (Qiagen) before radioactive labeling with the Random Primers DNA Labeling System (Invitrogen). Labeling was performed as per the manufacturer's instructions, using [␣-
32 P]dCTP. The radioactive signals from the bands were detected by exposure using phosphor screens (PerkinElmer) for exposures between 1 h and up to overnight. The screens were imaged using a Packard Cyclone imager (Packard) and OptiQuant imaging software.
Multiplex PCR for analysis of plasmid content. Multiplex PCR was performed for analysis of plasmid content as described by Bunikis et al. (47) . Briefly, genomic B. burgdorferi DNA was purified as described above, and 100 ng of total genomic DNA was used as the template for detection of linear and circular plasmids. PCRs were run on a 3% MetaPhor agarose gel and stained with GelRed (Cedar Lane).
ResT treatment of B. burgdorferi DNA. Total B. burgdorferi genomic DNA was purified from spirochetes grown under noninducing conditions after 72 h. The DNA was digested with 10 U of either EcoRI for detection of the left-end lp17 telomere or BamHI for detection of the right-end lp28-2 telomere. Digestions of 1 g of B. burgdorferi genomic DNA were carried out at 37°C for 2 h in the appropriate reaction buffer as recommended by the manufacturer (NEB) in a final volume of 20 l. The buffers were adjusted to 100 mM NaCl, 10 mM EDTA, 100 g/ml of bovine serum albumin (BSA), and 5 mM spermidine prior to incubation with 200 ng (150 nM) of purified His-tagged recombinant ResT (a gift from Kerri Kobryn, University of Saskatchewan) in a final volume of 25 l. The reaction was allowed to continue for 2 h at 30°C, and then the reaction mixture was immediately loaded on a 1% agarose gel. Specific DNA fragments were detected through Southern blotting hybridization for the telomeres as described above.
RESULTS
Construction of a conditional resT mutant. An inducible resT plasmid construct was generated by insertion of the wild-type (wt) resT gene from B. burgdorferi B31-A into a derivative of expression vector pJSB104 (39) to generate pNB12 (see Fig. S1 in the supplemental material) as described in Materials and Methods. The resulting construct has the resT gene under the control of the tightly regulated lac-inducible PpQE30 promoter, which carries two lac operators to maximize repression (one between Ϫ35 and Ϫ10 and the second overlapping the transcriptional start site). The construct also carries a constitutively expressed lacI gene under the control of the B. burgdorferi flaB promoter and displays Ͼ800-fold repression of the target gene in B. burgdorferi (39) .
Construction of a strain in which the native resT gene was inactivated was accomplished using two different approaches, as shown in Fig. S2 in the supplemental material. First, the highpassage-number B. burgdorferi strain B31-A was transformed with pNB12 (see Fig. S2A ). This strain was then transformed with the knockout plasmid pNB13, which deleted the entire resT locus through allelic exchange, replacing it with a kanamycin resistance cassette. Transformants were recovered in as little as 50 nM IPTG; however, as expected, no transformants were recovered when IPTG was absent. The recovered clones were analyzed for the presence of the kanamycin cassette, as well as for the complete deletion of the native resT gene, by PCR and confirmed through DNA sequencing. The final construct was GCB2127 (see Table S1 in the supplemental material).
Additionally, a conditional mutant was independently recovered through transformation of the previously reported strain GCB51 (30) with the conditionally expressing plasmid pNB12 (see Fig. S2B in the supplemental material). GCB51 carries an inactivated resT gene on cp26 but is viable because it carries the orthologous resT gene from Borrelia hermsii on a shuttle vector (pBSV2BhresT). All transformants were found to contain both the newly introduced pNB12 (Sm r ) and pBSV2BhresT (Km r ). Displacement of pBSV2BhresT (final construct, GCB2103) was achieved by increasing the concentration of streptomycin in the media until clones were recovered that were resistant to streptomycin but sensitive to kanamycin (see the supplemental material).
Characterization of the conditional resT mutant. To assess the effect of IPTG washout on ResT levels in the cell, Western blotting was performed using polyclonal antiserum to purified ResT (Fig. 2A) . The conditional mutant carrying the full resT deletion (GCB2127) was grown to late log phase with IPTG, then harvested by centrifugation, and resuspended in fresh BSK II medium without IPTG. Spirochetes were sampled at various times and whole-cell lysates were assessed for ResT content by Western blotting. Under inducing conditions (see Fig. S3 in the supplemental material), ResT was produced at approximately the same level in the conditional mutant (14,000 Ϯ 2,000 monomers per spirochete) as in the wild-type parental strain, B31-A (15,000 Ϯ 1,000 monomers per spirochete). However, after IPTG washout ( Fig. 2A) , ResT levels gradually decreased at 8, 16, and 24 h, and ResT was barely visible at 32 h and undetectable at 48 h postwashout. Analysis of the data revealed a half-life of 16 h for ResT after IPTG washout (Fig. 2B) .
To assess the effects of ResT depletion, B. burgdorferi was grown in BSK II medium under inducing conditions (plus IPTG) to late log phase prior to collection of the bacteria through cen- trifugation, which were then resuspended at 1 ϫ 10 6 spirochetes/ml in fresh BSK II medium with or without IPTG. The bacteria were assessed for growth through daily counting using dark-field microscopy. After 48 h, the bacteria were diluted with an equal volume of fresh medium with or without IPTG to avoid entrance into stationary phase. For the first 48 h, the mutant (plus or minus IPTG) grew at the same rate as the wild-type, B31-A (Fig.  3A) . However, 48 h after IPTG washout, the conditional resT mutant was unable to continue growing and remained at the same cell density at 72 h, decreasing slightly by 96 h. Growth was not affected in strain B31-A or in the induced culture. Growth arrest was also observed in the conditional mutant carrying the partial resT deletion (GCB2103 [data not shown]). The strain carrying the complete resT deletion (GCB2127) was used for the remainder of experiments in the work presented here.
Cultures were assessed for the viability of spirochetes through LIVE/DEAD staining and by plating in liquid medium (Fig. 3B) , which have been reported to give similar results (48) . At 72 h postwashout, a decrease in viable cells to between 27 and 41% (plating and LIVE/DEAD staining, respectively) was observed. At 120 h, 16% viability was observed by both methods, and at 168 h, 33 and 49% living spirochetes were observed by LIVE/DEAD staining and plating, respectively. The increase in living spirochetes by LIVE/DEAD staining at 168 h resulted from a lysis of the dead cells, rendering them uncountable and thereby changing the relative proportions of living and dead cells. Living spirochetes could be rescued at 1 or 2 weeks postwashout by the addition fresh BSK II medium containing IPTG. The absence of ResT, therefore, appears to be lethal to most spirochetes, while some remain quiescent and can be resuscitated by providing ResT at 7 or 14 days.
To assess the possibility of a cell division phenotype resulting from a depletion of ResT, spirochete length was measured as described in Materials and Methods. The conditional resT mutant was grown under noninducing conditions as described for Fig. 3 and then imaged with the DNA stain DAPI and examined by fluorescence microscopy at each time point (Fig. 4) . ResT depletion did not result in any increase in spirochete length relative to that of the wild-type strain; all fell within the 10-to 30-m range, as expected for Borrelia burgdorferi (49) , and no filamentous forms were observed. Therefore, a specific defect in cell division, expected to result in longer spirochetes or filamentous forms, does not appear to occur upon ResT depletion.
Finally, in view of the fact that the spirochetes ceased to double after 48 h of ResT depletion, it was of interest to determine if they continued to replicate their DNA. To analyze DNA levels, wildtype controls or spirochetes at various times after IPTG washout   FIG 3 (A) Growth curves of the resT knockout mutant GCB2127. B. burgdorferi cultures were grown in BSK II medium with and without IPTG at 35°C, and spirochetes were counted every 24 h. After 48 h, the cultures were diluted with an equal volume of medium to avoid entry into stationary phase and were counted before and after dilution at the 48-h time point. Growth of the wild type, B31-A (GCB908), was compared to growth of the resT-inducible strain (GCB2127). (B) Spirochetes from cultures at the indicated times following IPTG washout were stained with the LIVE/DEAD BacLight staining kit (Invitrogen) to determine if cells were alive or dead. Spirochetes were analyzed by fluorescence microscopy for staining with Syto-9 (live) or propidium iodide (dead). Ten fields of view were analyzed for each time point. Living spirochetes were also enumerated by dilution in duplicate of the cultures and plating in BSK II medium plus IPTG in 96-well microtiter plates. The percent living cells for counting was based upon the total number of spirochetes counted by dark-field microscopy. At each time point, the mean percentage of living cells Ϯ the standard error is plotted for both the LIVE/DEAD staining and plating methods.
FIG 4
Determination of the average spirochete length of the wild-type (GCB908) and resT-inducible (GCB2127) strains. The length of individual DAPI-stained spirochetes was determined at the indicated times after IPTG washout using ImageJ (NIH) as described in Materials and Methods. The average length Ϯ the standard error is plotted above for each time point for 100 measured spirochetes.
were stained with Hoechst 33258, a DNA-specific fluorescent dye previously used to quantify bacterial DNA content (50) . Fluorescence intensity of individual spirochetes was determined by analysis of fluorescence micrographs at several time points (Fig. 5) . To ensure that an increase in DNA content would be observed under our experimental conditions, spirochetes were stained and examined with increasing exposure times to ensure that exposure was in the linear range. Additionally, spirochetes were stained at five times the typical cell density to demonstrate that the Hoechst dye was in excess and that increased DNA content would be detectable under the conditions used. Indeed, this was the case, as a 5-fold increase in cell density did not result in a decrease of fluorescent signal of individual spirochetes (data not shown). Examining the resT mutant strain using these conditions revealed that DNA synthesis did not continue in ResT-depleted spirochetes after the cessation of cell division. In fact, the total fluorescence of the spirochetes decreased slightly relative to that of the wild type.
The effect of ResT depletion on the state of linear plasmids. To assess the effect of ResT depletion upon the state of the linear DNA molecules, DNA was purified from the mutant strain GCB2127 at 72 h after IPTG washout and run on a 0.65% agarose field inversion gel (Fig. 6 ). In the absence of ResT, some plasmid bands were obviously missing from the uninduced mutant (lane 1) compared to the induced mutant and to the wild-type strain (lanes 2, 3, and 4, respectively). Especially evident were the wellseparated lp17 and bands in the 28-kb range which were present in the wild type as well as induced mutant but absent in the ResTdepleted strain (white arrowheads). The presence of multiple plasmids of both linear and circular forms made both identification and observance of new forms (replicative intermediates) difficult. We therefore used Southern blotting hybridization to analyze the state of lp17 and lp28-2 (two plasmids that can unambiguously be probed for) after IPTG washout (Fig. 7) . After 24 h, a band in the higher-molecular-weight region appeared for both lp17 (Fig. 7A ) and lp28-2 (Fig. 7B) , which is roughly double the size of each of the plasmids and likely represents a dimeric replication intermediate (Fig. 1) . By 72 h post-IPTG washout, both lp17 and lp28-2 disappeared. The linear plasmid disappearance at 72 and 96 h suggested either plasmid loss or conversion to heterogeneous forms (e.g., a population of partially replicated molecules) which resulted in a smear rather than discrete bands during the gel run. To determine whether plasmids were being lost upon ResT depletion, a multiplex PCR assay (47) was performed to determine plasmid content. It was observed that the ResT-depleted mutant strain maintained the full plasmid complement as seen in the wild-type control and that none of the linear plasmids were lost (data not shown).
To determine if the linear plasmids had been converted into the expected replication intermediates (Fig. 1) in the ResT-depleted strains, purified ResT was added to genomic DNA, with the expectation that replicative intermediates would be resolved to regenerate linear plasmids. A Southern blot was performed for lp17; however, no linear plasmid was generated by treatment with ResT in vitro (data not shown). ResT reactions were performed Images of fluorescent spirochetes were analyzed for total fluorescence intensity by collecting the integrated fluorescence density using ImageJ (NIH) and correcting for the fluorescence background. The mean fluorescence intensity Ϯ the standard error is plotted. Statistical significance was determined by a two-tailed unpaired t test and is indicated above the graphs (*, P Ͻ 0.05; **, P Ͻ 0.01; n.s., not significant).
FIG 6
Field inversion gel of isolated B. burgdorferi genomic DNA. The resTinducible strain GCB2127 (lanes 1 and 2) was grown for 48 h with or without IPTG, and the genomic content was compared to that of the wild type, B31-A (GCB908) (lanes 3 and 4) . The gel was stained with ethidium bromide. M, lambda monocut size marker (NEB).
either alone or after treatment of the DNA with topoisomerase I, as ResT does not function on negatively supercoiled DNA (20, 22) .
To simplify detection of replicated telomeres (L=L and RR= [ Fig. 1]) , smaller DNA fragments were generated by digesting the DNA with restriction enzymes which cut near the telomeres (Fig.  8A) . These fragments were then treated with ResT to determine if a replicated telomere was present in the DNA. Southern blots from such an experiment for lp17 and lp28-2 are shown in Fig. 8B and C, respectively. Cleavage of DNA from the wild-type control with EcoRI generated the expected 5,684-bp fragment for the left end of lp17 (Fig. 8B, lane 2 
DISCUSSION
A previous attempts to disrupt the essential resT gene resulted only in the recovery of merodiploids where the bacteria maintained both the disrupted gene and a functional copy of resT (34) . Similarly, disruption of resT in B. burgdorferi was achieved only when the ortholog to resT from the relapsing-fever spirochete B. hermsii was provided in trans prior to gene disruption (30) . In this work, we have generated a strain with conditional expression of ResT in the pJSB104 system carried on a B. burgdorferi shuttle vector. Protein expression is driven from a phage T5 promoter controlled by two lac operators (39) .
Characterization of the conditional resT mutant. Levels of ResT expression in the conditional mutant grown in the presence of 1 mM IPTG (GCB2127) were estimated from a Western blot to be 14,000 monomers per cell, similar to ResT levels (15,000 monomers per cell) observed in the wild-type parent strain, B31-A (GCB908). It is of interest that ResT was expressed to the same level from the lac inducible PpQE30 promoter on the multicopy shuttle vector as from its native promoter at the endogenous location on the low-copy-number cp26. The relative strength of the two promoters is not known. It may be fortuitous that the expression levels in the two situations were almost identical, or there may be some additional regulatory mechanisms in place for ResT expression (e.g., transcriptional or translational autoregulation) that keep ResT expression at a relatively constant level.
At 24 h post-IPTG washout, when ϳ30% of the ResT was still present (Fig. 2) , replication intermediates were observed (Fig. 7) . In contrast to the appearance of replication intermediates at 24 h, cellular growth was at wild-type levels through 48 h, when ResT was present at only ϳ10% of the wild-type level. At this time point, only a small amount of lp17 and lp28-2 migrated as linear monomers. The appearance of the growth arrest phenotype therefore coincided with the shift in gel migration of most of the linear plasmids. Whether the physical state of the linear replicons or the low levels of ResT are responsible for growth arrest is not currently known.
At 48 h, all spirochetes were still alive, as determined by LIVE/ DEAD staining, but a reduction of live spirochetes was observed at 72 h and thereafter by LIVE/DEAD staining and plating. The spirochetes that did not die remained nondividing for extended periods. Interestingly, living but nondividing spirochetes could be rescued by inoculation into fresh media containing IPTG at 1 or 2 weeks post-IPTG washout. The presence of ResT is, therefore, required for active growth. However, a significant fraction (ϳ15 to 25%) of ResT-depeleted spirochetes can survive for lengthy periods and be revived by renewed ResT synthesis. The reason for lethality versus survival in the spirochete population is not currently understood.
Before DNA segregation and cell division can occur, sister DNA molecules must be completely unlinked from one another so that each sister can be partitioned into a new daughter cell (51) . It
FIG 7
Southern blot of genomic DNA from a resT-inducible strain (GCB2127). Spirochetes were grown either with or without IPTG, and the culture was sampled at 0, 24, 48, 72, and 96 h. DNA was extracted and run on a 0.65% agarose field inversion gel and transferred to a nylon membrane for Southern blotting. Probes were generated against the left end of lp17 (A) as well as the right end of lp28-2 (B) as described in Materials and Methods, using PCR primers B2275 and B2276 for lp17 and B2295 and B2296 for lp28-2.
was expected that ResT-depleted B. burgdorferi would be unable to complete chromosomal dimer resolution and hence cell division. Such spirochetes would be expected to become long and filamentous, similar to a bb0250 (inner membrane protein) knockout that was unable to complete cell division (41) . Surprisingly, ResT-depleted spirochetes did not display a filamentous phenotype, suggesting that there may not be an intimate spatial and temporal coupling between cell division and telomere resolution in B. burgdorferi.
We also investigated whether ResT-depleted spirochetes would continue to accrue DNA once they had stopped dividing. As seen by Hoechst 33258 staining of the spirochetes (Fig. 5) , the DNA content did not increase and in fact slightly decreased relative to that of the wild-type control at 48 and 72 h after IPTG washout. The shutdown in DNA synthesis upon ResT depletion suggests that ResT may interact directly with components of the replication machinery involved with the initiation and/or elongation steps of DNA replication. Further studies will be required to elucidate such interactions.
State of the linear DNA in ResT-depleted B. burgdorferi. Although it has been previously shown that ResT can bind and resolve replicated telomere substrates in vivo (15, 16) and in vitro (17, 18, 20) , a resT mutant and its effect upon the segmented genome have not been previously reported. By depleting ResT in our conditional mutant, we were able to promote the accumulation of replication intermediates. A complete disappearance of the linear monomer forms of both lp17 and lp28-2 was observed by 72 h post-IPTG washout (Fig. 7) . Moreover, as early as 24 h after washout, putative replication intermediates roughly double the size of the monomeric plasmids were observed. At early time points (24 and 48 h), only a single, more slowly migrating dimersized plasmid band was observed for each plasmid. These results are in agreement with current thoughts on replication of the linear Borrelia replicons (Fig. 1) . At the later time points (72 and 96 h), additional bands were observed at higher molecular weights for lp17, while the bands disappeared altogether for lp28-2. The additional higher bands likely represent more complex unresolved forms of the linear plasmids, perhaps the result of branched structures resulting from further partial replication and/or stalled replication forks. The disappearance of the hybridization signal likely results from the heterogeneity of the larger complex products and possibly from decreased efficiency of transfer to the membrane of high-molecular-weight DNA.
At 72 h, when no linear monomer forms of free lp17 or lp28-2 could be observed (Fig. 7) , the expected replicated telomeres that could be resolved by ResT in vitro were observed (Fig. 8B and C,  lanes 5 and 6) , providing the first in vivo observation of these replication intermediates, which are ordinarily too short-lived to be detected. In addition, free telomere ends were liberated from To simplify detection of telomere ends, DNA was digested with a restriction enzyme to liberate either a free telomere or the replicated telomere junction. ResT activity on the replicated junction generates free ends, which were detected by Southern blotting hybridization. (B and C) Southern blots of DNA that was isolated 72 h after IPTG washout and digested with EcoRI or BamHI prior to being treated with ResT. DNA was run on a 1% agarose gel and transferred to a nylon membrane for Southern blotting hybridization with probes for the lp17 (B) and lp28-2 (C) left ends. lp17 and lp28-2 after digestion with restriction endonucleases (Fig. 8) . Some high-molecular-weight plasmid forms, therefore, appear to contain unreplicated telomeres, indicating either that DNA replication in these molecules did not progress to completion or that these telomeres had been resolved with the residual ResT remaining in the cell. Telomere resolution can occur independently at the two ends of replicating N15 prophage DNA (52) , and such a scenario could exist in B. burgdorferi to generate higher-molecular-weight replicative intermediates with only one resolved telomere. Nonetheless, the situation in B. burgdorferi appears to be more complex, with a population of partially replicated molecules accumulating.
